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Single-photon transfer using levitated cavityless optomechanics
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School of Physics and Astronomy, Rochester Institute of Technology,
84 Lomb Memorial Drive, Rochester, NY 14623, USA
(Dated: February 8, 2019)
We theoretically explore a quantum memory using a single nanoparticle levitated in an optical
dipole trap and subjected to feedback cooling. This protocol is realized by storing and retrieving
a single photon quantum state from a mechanical mode in levitated cavityless optomechanics. We
describe the effectiveness of the photon-phonon-photon transfer in terms of the fidelity, the Wigner
function, and the zero-delay second-order autocorrelation function. For experimentally accessible
parameters, our numerical results indicate robust conversion of the quantum states of the input signal
photon to those of the retrieved photon. We also show that high fidelity single-photon wavelength
conversion is possible in the system as long as intense control pulses shorter than the mechanical
damping time are used. Our work opens up the possibility of using levitated optomechanical systems
for applications of quantum information processing.
PACS numbers: 42.50.-p, 42.50.Wk, 62.25.-g, 03.67.-a
I. INTRODUCTION
Optomechanical systems provide a remarkable plat-
form for controlling the interaction between photons and
phonons at the quantum level [1, 2]. Over the past few
years, there has been a growing interest to harness these
optomechanical interactions in quantum communication
protocols [3, 4]. In particular, cavity optomechanical os-
cillators have been explored as optical memory [5, 6]
which allow light to be stored as a mechanical excita-
tion and to be retrieved at any desired wavelength [7–
11]. Such protocols are useful in quantum and classi-
cal information processing since they permit the con-
version of quantum states or traveling pulses between
modes of vastly different frequencies [12–14]. Interest-
ingly, optomechanical light storage and retrieval has also
been analyzed at a single-photon level [15, 16], thereby
providing a promising platform for the transfer of quan-
tum states [17]. This furnishes a testbed for verifying
the quantum nature of photon-phonon-photon transfer
[18–20]. Apart from this, optomechanical interactions
have been exploited for ground-state cooling of the me-
chanical mode [21, 22], sensing of the mechanical motion
with imprecision below the standard quantum limit [23],
strong coupling between optical and mechanical modes
[24], entanglement [25], optomechanical squeezing [26],
and optomechanically induced transparency [27–29].
In spite of these significant applications, most exper-
imental realizations in cavity-based optomechanical sys-
tems are hampered due to heating and decoherence pro-
duced by the mechanical clamping losses. Further, the
use of cavities places restrictions on the electromagnetic
wavelengths, as they need to be resonant. A sensible so-
lution to these limitations is provided by isolating the
mechanical oscillator from its environment by means of
levitation using optical [30–32] or magnetic [33, 34] fields
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and using active feedback to substitute for the cavity.
Such levitated nanomechanical systems are approaching
ground-state cooling [35–40], ultrasensitive applications
[41–46], and preparation of quantum superposition states
[47, 48].
Recently, it was proposed that levitated optomechan-
ics could facilitate a favorable platform for the storage
and retrieval of optical information at the multiphoton
level [49]. In the present paper, we consider the opti-
cal memory protocol based on levitated cavityless op-
tomechanics for the storage and retrieval of a single pho-
ton, i.e., at the quantum level. Specifically, we investi-
gate an effective protocol to store and retrieve quantum
states [13] from the mechanical mode of the levitated
optomechanical system. For this purpose, we consider
the center-of-mass oscillations of a single nanoparticle
levitated in an optical dipole trap subjected to nonlin-
ear feedback [50]. The protocol follows a “double swap”
scheme [7] by employing writing and readout pulses one
mechanical frequency below the signal to effectively con-
trol the coupling between mechanical displacement and
the signal. First, the writing and signal pulses arrive si-
multaneously to interact with the nanoparticle, thereby
storing the quantum state of the signal in its mechanical
mode. The system is then allowed to evolve freely for
some time. Finally, the evolved state of the mechanical
system is read at a later time utilizing a readout pulse.
We show that, under high vacuum, the Gaussian quan-
tum states of a signal photon can be transferred with high
fidelity [51] to the retrieved photon. However, the ambi-
ent conditions of pressure and temperature degrade the
fidelity. We further characterize the effectiveness of the
photon-phonon-photon transfer in terms of the Wigner
function [14] and the g2(0) function [52], which we find
remains one for the transfer of coherent states and be-
comes less than one for squeezed coherent states. More-
over, we investigate the process in terms of the trans-
mission of photon pulses [12]. We find the optimal pulse
transmission under the condition of impedance matching
2[8, 11]. Our results suggest that a high pulse fidelity can
be achieved by using input pulses of spectral width much
narrower than the relevant transmission half-width [9].
This happens in the (multiphoton) strong-coupling limit
where the transmission half-width remains independent
of the mechanical decoherence, thereby allowing the ef-
ficient transfer of the input signal pulse. Thus we show
that levitated optomechanical systems furnish a viable
platform for quantum information processing tasks such
as storage and retrieval.
The structure of the remainder of the paper is as fol-
lows. In Sec. II, along with relevant equations, we de-
scribe the quantum memory protocol based on a single
nanoparticle levitated in an optical dipole trap. Section
III elucidates the effectiveness of the protocol in terms
of the fidelity, the Wigner function, and the zero-delay
second-order autocorrelation. A scattering matrix treat-
ment of the pulse transmission is also presented. Finally,
the concluding remarks of the paper are presented in Sec.
IV.
II. MODEL
The system under consideration is a single dielectric
nanoparticle of mass m trapped in vacuum by a focused
Gaussian beam. For small oscillation amplitudes, the
three spatial modes of the mechanical oscillator are un-
coupled and may be considered independently. Here,
we consider the oscillations of the nanoparticle along
x-direction such that its position is measured continu-
ously by interferometric techniques [36, 50]. The moni-
tored signal is then appropriately fed back [40] to mod-
ulate the trap beam so as to cause additional damping
of the nanoparticle, thereby giving rise to cooling, and
also some backaction heating. Further, we use writing
and readout pulses one mechanical frequency away from
the signal to achieve the transfer of quantum states of a
single photon through the levitated optomechanical sys-
tem. The writing and signal pulses interact simultane-
ously with the nanoparticle, followed later by the readout
pulse, as shown in Fig. 1. The presence of the writing
pulse maneuvers the optomechanical coupling and facil-
itates the transfer of the quantum states of the signal to
the mechanical oscillator. The stored photonic quantum
states are retrieved at a later time once the readout pulse
arrives.
A. Master Equation
The quantum dynamics of the levitated nanoparticle
are described by the following master equation [40, 53]:
ρ˙ =
1
i~
[H, ρ]− At
2
D [Q] ρ+ Lsc[ρ(t)]
− Dp
2
D [Q] ρ− Dq
2
D [P ] ρ− iγg
2
[Q, {P, ρ}]
− iγf
[
Q3, {P, ρ}]− ΓfD [Q3] ρ , (1)
FIG. 1. Schematic of photon-phonon-photon transfer with
an optically levitated nanoparticle of mass m in a dipole trap
and subjected to nonlinear feedback cooling [40]. The particle
oscillates in the optical dipole trap with frequency ωx along
the x axis. A writing pulse along with the signal interact
with the nanoparticle and causes the storage of the quantum
states of the signal. The stored quantum state is retrieved at
a later time by using a readout pulse.
where the first term on the right-hand side of Eq. (1)
represents the unitary evolution of the optomechanical
system withH = H0+Hint, whereH0 is the unperturbed
Hamiltonian of the system and Hint represents the op-
tomechanical interaction, respectively. The second term
describes the positional decoherence of the nanoparti-
cle due to the scattering of trap photons and At is the
heating rate due to trap photon scattering [40]. The
third term represents the loss of photons from the optical
field due to scattering from the nanoparticle and is given
by Lsc[ρ] = −Bi
(
D[a] + 2ω2i ℓ2x5c2 D[aQ]
)
ρ, (i = w, s, r),
where Bi represents the appropriate optical damping rate
[40], a (a†) is the annihilation (creation) operator of
the optical field, ωi is the optical frequency, and ℓx =√
~/2mωx is the zero point fluctuation of the mechanical
oscillator. Note that during writing process B = Bw+Bs,
while for readout process it becomes Br. The fourth and
fifth terms describe the respective momentum and posi-
tion diffusion of the nanoparticle due to collisions with
background gas. The momentum (position) diffusion co-
efficient is Dp = 2ηfkBT ℓ
2
x/~
2(Dq = ηf~
2/24kBTm
2ℓ2x),
where T is the gas temperature, kB is Boltzmann’s con-
stant, ηf = 6πµR is the coefficient of friction, µ is the
dynamic viscosity of the surrounding gas, and R is the
radius of nanoparticle. The sixth term represents gas
damping at a rate γg = ηf/2m. The last two terms
govern the nonlinear feedback damping and accompa-
nying backaction, respectively. These terms are char-
acterized by the respective coefficients γf = χ
2ΦG and
3Γf = χ
2ΦG2. Here, χ,Φ, and G are the scaled optome-
chanical coupling, the average detected photon flux, and
the feedback gain, respectively. The Lindblad superop-
erator in Eq. (1) operates on the density matrix ρ ac-
cording to the rule D [K] ρ = {K†K, ρ} − 2KρK†, where
K = Q,P,Q3, a. Here, the mechanical position (momen-
tum) quadrature is represented in dimensionless form as
Q = b†+b
(
P = i(b† − b)). Also, b (b†) is the annihilation
(creation) operator of the mechanical oscillator.
B. Assumptions
It is to be emphasized that the theoretical predictions
of Eq. (1) have been found to be in excellent agreement
with experimental data [40]. For the convenience of the
reader, we summarize the main assumptions [54] of our
model as follows.
(1) The radius of the dielectric nanoparticle is assumed
to be much smaller than the wavelength of the optical
field.
(2) For amplitude of oscillations smaller than the beam
waist and Rayleigh range, motion along three directions
of oscillations is assumed to be uncoupled and can be
treated independently.
(3) To derive Eq. (1) Born-Markov approximation is
used since the coupling between the optical field and the
background is assumed to be very weak and bath corre-
lations decay very quickly. This approximation is valid
under the condition if the bath correlation time is smaller
than the relaxation time of the system [55]. For our case,
the bath correlation time at 4 K (τB ∼ ~kBT ∼ 10−11 s)
is much smaller than the relaxation time (τR =
1
Γ = 1.5
ms, where Γ is the damping contributed by various re-
laxation processes, as explained below), thereby ensuring
the validity of Born-Markov approximation. Further, the
coupling between any systems or reservoirs is assumed to
be small (g ≪ Γ,B, where g is the single-photon optome-
chanical coupling). This ensures that the error in com-
bining various master equations, e.g., optical and Brow-
nian, is very small [56].
(4) In the derivation of Eq. (1), the terms oscillating at a
high frequency have been neglected. This approximation
is valid [55] if the time for the intrinsic evolution of the
system (τS =
1
ωx
= 8 µs) is smaller than the relaxation
time (τR). For our case, this condition yields Γ < ωx.
(5) The Brownian motion term in Eq. (1) character-
izes the effect of collisions of the background gas with
the nanoparticle. For the validity of this effect, a low
density limit of the surrounding gas is assumed under
the condition that the mean free path of the gas bath is
smaller than the diameter of the nanoparticle [55].
(6) Further, to write the nonlinear feedback term in Eq.
(1), the Markovian limit is assumed where feedback is in-
troduced rapidly as compared to any system time scale.
(7) The possibility of interference between coherent and
incoherent processes [57] is assumed to be negligible for
the system under consideration. The condition for this
to occur is that the coherent coupling frequencies in the
system be much larger than the inverse of the bath cor-
relation times. However, in our case, the optomechanical
coupling (∼100 kHz) is much smaller than the thermal
correlation frequency (∼ 1
τB
∼ 1011 Hz).
C. Quantum Langevin Equations
Now the optomechanical interaction Hamiltonian is
written as
Hint = ~ga
†a
(
b† + b
)
, (2)
where g = Vn
2ǫcωs∆ωsx0
π2w2
0
c
∆x
w2
0
is the optomechanical cou-
pling constant [40, 53]. Here, ǫc is the effective relative
permittivity of the dielectric, Vn is the volume of the
nanoparticle, ωs is the frequency of the applied signal
field, ∆ωs is the signal laser linewidth, and w0 is the
waist of the signal. We also have assumed that the focus
of the signal field is shifted from that of the trap by a
small amount ∆x. In the presence of red-detuned coher-
ent pulses [49], the linearized Hamiltonian in the rotating
frame and in the interaction picture [12] is written as
Hint = ~∆a
†
sas + ~Gi
(
a†sb+ b
†as
)
, (3)
where Gi = g
√
ni is the effective optomechanical cou-
pling rate, ni (i = w, r) is the photon number of the
writing (readout) field, ∆ = ωs−ωi−ωx is the detuning,
ωi (i = w, r) is the frequency of the writing and readout
field, and as is the annihilation operator for the signal
field. Note that, in Eq. (3), we have used a mean-field
approximation in which the intense control field can be
treated classically and the optomechanical interaction is
linearized with respect to the signal field [5, 58]. Using
the linearization process to describe optomechanical sig-
nal photon storage and retrieval, the master equation (1)
can be unraveled in terms of the following set of Langevin
equations of motion:
a˙s = − [i∆+ B]as − iGib+ asin , (4)
b˙ = −Γb− iGias + bin,T + bin,F , (5)
where Γ = γg + δΓ is the mechanical damping [59]
and δΓ = 12γf
(〈N〉+ 12) is the nonlinear feedback
damping. The stochastic terms have the correlations
〈as†in (t) asin (t′)〉 = 2Bδ (t− t′), 〈b†in,T (t) bin,T (t′)〉 =
2γδ (t− t′), and 〈b†in,F (t) bin,F (t′)〉 = 2Fδ (t− t′).
Here, γ = 2mγgkBTeff , Teff is the effective tem-
perature of the total background due to the com-
bination of gas and optical scattering, and F =
54m~ωxχ
2ΦG2 (2〈N〉2 + 2〈N〉+ 1). The damping and
noise terms due to nonlinear feedback depend on the
mechanical state of the system [40]. Note that, in the
absence of damping and noise terms in Eqs. (4) and
5), π/2 control pulses facilitate the complete mapping
of motional state to optical state and vice versa thereby
4providing a realization of the optomechanical storage and
retrieval [5]. Further, it was recently shown that in the
absence of backaction terms, Eqs. (4) and 5) can be
solved to demonstrate multiphoton storage using levi-
tated cavityless optomechanics [49]. Moreover, it was
shown that such a cavityless protocol is compatible with
wavelength conversion as well as for the retrieval of pho-
tons in the same direction as that of the incoming pho-
tons owing to the conservation of momentum. Taking
these arguments into consideration, in this paper, we in-
clude the backaction terms in Eqs. (4,5) to address the
topic of light storage at a single-photon level.
III. RESULTS
We investigate a protocol based on a single lev-
itated nanoparticle to upload, store, and retrieve a
single-photon quantum state from a mechanical mode.
To describe this protocol, we employ Gaussian writ-
ing (readout) pulse Gw = Gw0 exp
[
− (t−tw)2
2t2
1s
] (
Gr =
Gr0 exp
[
− (t−tr)2
2t2
2s
] )
, such that in Eqs. (4) and 5) we
use Gi = Gw +Gr. Here Gw0 (Gr0), tw (tr) and t1s (t2s)
represent the respective amplitude, central time and the
width of the writing (readout) pulse.
A. Optomechanical photon storage and retrieval
The idea for the efficient photon-phonon-photon trans-
fer is based on the storage and retrieval of a single photon
using a single nanoparticle levitated in an optical dipole
trap subjected to nonlinear feedback. In such a proto-
col, the quantum states of the signal photon and the
mechanical mode can be swapped by red-detuned strong
coherent pulses. That is, first the signal pulse is stored
as a mechanical excitation by means of a writing pulse
and, at a later time, the readout pulse results in the re-
trieval of stored optical information. Note that such an
optomechanical photon storage and retrieval is character-
ized by the interaction Hamiltonian in Eq. (3) and can
be described by an anti-Stokes process [9]. During the
writing process, the incoming signal photon is converted
into a coherent phonon of the mechanical oscillator by
means of ωs−ωw = ωm. On the other hand, the readout
pulse at a later time is scattered to produce a retrieved
photon by absorbing a phonon of the mechanical mode
[60], thanks to the up-conversion process ωre = ωr+ωm.
Here ωre is the frequency of the retrieved photon. To
illustrate optomechanical light storage and retrieval [49],
we numerically solve Eqs. (A1-A4) in Appendix A [de-
rived from Eqs.(4) and (5)] by using the Gaussian pulses
as exhibited in the top panel of Fig. 2. The time depen-
dence of the calculated power of the signal and retrieved
photon, together with the power of the stored mechan-
ical oscillation, is shown in the bottom panel of Fig. 2.
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FIG. 2. Gaussian writing and readout pulses (top panel) and
the calculated optical power of the storage and retrieval of
the signal photon (solid line), along with the power of the
stored mechanical oscillation (dotted line) as a function of
time (bottom panel). The parameters used are ωx = 124
kHz, R = 50 nm, m = 1.2×10−18 kg, ǫc = 1.133, signal
wavelength (λs) = 780 nm, write wavelength (λw) = 1064 nm,
readout wavelength (λr) = 1064 nm, central time of writing
and signal pulse (tw, ts) = 0.09 ms, central time of readout
pulse (tr) = 0.9ms, writing and readout pulse widths (t1s, t2s)
= 7 µs, single photon signal optomechanical coupling (g) =
0.2 mHz, effective writing (readout) optomechanical coupling
(Gw0 (Gr0)) = 79 kHz (86 kHz), ∆ = 0, ∆x = 10 nm, ℓx
= 19 pm, γg = 0.0289 Hz, δΓ = 0.66 kHz, pressure (P ) = 7
× 10−6 mbar, T = 4 K, Bs = 0.3 Hz, Bw = 0.04 Hz, Br =
0.04 Hz, At = 27 kHz, Aw = 10 kHz, Ar = 10 kHz, scaled
optomechanical coupling (χ) = 1.5×10−9, numerical aperture
(NA) = 0.9 and nonlinear feedback gain (G) = 20.
For the storage process, a signal pulse which arrives si-
multaneously with writing pulse at ts = 0.09 ms is con-
verted into mechanical excitation by means of a writing
pulse. Subsequently, a readout pulse arrives at tr = 0.9
ms and converts the mechanical excitation back into the
retrieved optical signal, as seen in Fig. 2. Such a protocol
can be explored for the possibility of transfer of photonic
states and we are encouraged in this endeavor by the high
efficiency of photon retrieval during the readout process.
B. Fidelity
In the preceding section, we have described how the
storage and retrieval of a single photon in levitated op-
tomechanics sets a stage for the transfer of quantum
states of a single photon. To characterize the quality of
the retrieved photon, we calculate the fidelity defined by
F =
(
Tr[
√√
ρiρf
√
ρi]
)2
, where ρi is the initial density
matrix of the signal photon and ρf is the density matrix
of the retrieved photon state. For Gaussian states, the
fidelity can be calculated from the covariance matrices
5of the quadrature variables [51]. In order to do so, we
assume the signal photon to be in a squeezed coherent
state |α, r〉, where, α is the coherent amplitude of the
state and r is the squeezing parameter. The initial me-
chanical state, on other hand, is assumed to be thermal.
Using the covariance matrix, as can be derived from Eqs.
(B8) and (B9) in Appendix B, the fidelity can be written
in the following form:
F =
√
2
A exp
[
ζ2
A (I1A22 + I2A11)
]
, (6)
where ζ = 1 − e−Brt2s−Γtf−Γt1s , A = A11A22, A11 =
e−2r + VXX , A22 = e2r + VY Y , I1 = (Re(α(0)))2, I2 =
(Im(α(0)))
2
and tf is the free evolution time. To describe
the fidelity, we set Gw(t) = Gw0 and Gr(t) = Gr0 and
also consider π/2 writing and readout pulses.
Fidelity (F )
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FIG. 3. Fidelity vs (a) r and |α|2, (b) G/ωx and |α|2, and (c)
power of writing [Pw (mW)] and readout pulses [Pr (mW)].
In plot (a) t1s = 19 µs, t2s = 18 µs, in plot (b) Gw0 = Gr0
= G, r = 0.05, and in plot (c) α =
√
0.3. Here, tf = 0.5 ms
and other parameters are the same as in Fig. 2.
In Fig. 3(a), we study the dependence of the fidelity
on the parameters of the initial squeezed coherent state.
It is determined from Fig. 3(a) that a high fidelity can
be achieved with small values of α and r. However, the
fidelity deteriorates in the region of increasing parame-
ters. The degradation of the fidelity with α is due to an
increase in the average-amplitude decay of the retrieved
photon state owing to the mechanical decoherence [7, 13].
On the other hand, the narrower features of the squeezed
states in phase space cause the mechanical decoherence
to become severe with increasing squeezing parameter r
thereby degrading the fidelity [14]. Also, note that the
high fidelity in Fig. 3(a) is attributed to π/2 pulses (t1s
= 19 µs, t2s = 18 µs) which are relatively shorter than
the mechanical decay time (30 ms) so as to provide im-
munity to the levitated optomechanical system against
decoherence. Further, the double swap scheme enables
the Gaussian states to be transferred efficiently if the op-
tomechanical coupling is stronger than mechanical deco-
herence rate (Gi > Γ). This is shown in Fig. 3(b), where
a strong effective optomechanical coupling results in the
high transfer fidelity. Such a strong optomechanical cou-
pling can be achieved by employing intense writing and
readout pulses so as to achieve high transfer fidelity, as
exhibited in Fig. 3(c).
(a) (b)
FIG. 4. (a) Fidelity vs t1s (µs) and |α|2. (b) Fidelity vs
t2s (µs), and |α|2. In plot (a) t2s = 7 µs and in plot (b) t1s
= 7 µs and other parameters are the same as in Fig. 3.
To delineate the above results, we have used π/2-area
writing and readout pulses. However, it is still possible to
efficiently transfer the quantum states of a signal photon
even if the pulse area exceeds π/2, thanks to the absence
of clamping losses in levitated optomechanics. Neverthe-
less, the process involves writing and readout pulses of
duration smaller than the mechanical decoherence time.
Under this situation, the system remains immune to the
decoherence, thereby providing a high fidelity in our pro-
tocol, as illustrated in Fig. 4(a) and (b). Despite the
presence of the short span pulses, the fidelity again de-
grades with the amplitude of the coherent state of the
signal photon for the same reason as explained above.
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FIG. 5. Fidelity versus (a) temperature (K), and (b) pressure
(mbar). Here, t1s = t2s = 7 µs and the rest of the parameters
are the same as in Fig. 3.
So far the preceding results are based on the condi-
tions of low pressure (≤ 10−5 mbar). Under this low-
6pressure regime, the preparation of oscillator near the
ground state leads to an efficient retrieval of a photon
from the mechanical oscillator, thereby providing a high
value of fidelity as depicted in Fig. 5(a). However, in
the high-pressure regime, the fidelity degrades due to an
increase in the gas damping as exhibited in Fig. 5(b).
C. Wigner function of the retrieved photon
Above we have described that strong writing and read-
out pulses of short duration are suitable for the efficient
transfer of Gaussian states of the signal. To further quan-
tify the effectiveness of the photon-phonon-photon trans-
fer, we write the following form of the Wigner function
[14] of the retrieved photon state by using covariance ma-
trix (V ) [derived from Eqs. (B8) and (B9) in Appendix
B]:
W =
1
2π
√V exp
[
− ξ
2
2V (I1VY Y + I2VXX)
]
, (7)
where we have introduced
ξ =
ηr
4
[
(ηw − ηf ) cos(θ+) + (ηw + ηf ) cos(θ−)
]
. (8)
Here ηw = exp (−Bt1s), ηf = exp (−Γ(tf + t1s)), ηr =
exp (−Brt2s), θ± = Gwt1s ±Grt2s and V = VXXVY Y .
(a) (b)
(c) (d)
FIG. 6. (a) Wigner function of the input Gaussian state of
the signal. The Wigner function of the retrieved photon state
for (b) t1s = t2s = 1 µs, (c) t1s = t2s = 50 µs, and (d) t1s =
t2s = 100 µs. Other parameters are the same as in Fig. 3.
Degradation due to mechanical decoherence limits the
transfer fidelity, thereby causing the distortion in the
shape of the Wigner function of the retrieved photon.
This is shown in Fig. 6. For pulses of very short span,
for instance, t1s = t2s = 1 µs in Fig. 6(b), the Wigner
function of the retrieved photon state remains Gaussian
similar to that of the input signal state [see Fig. 6(a)].
However, the larger temporal width of the pulses causes
mechanical decoherence to intervene in the process to
produce distortion in the Wigner function as depicted in
Figs. 6(c) and (d). Besides this, we have also figured
out that in the presence of π/2 pulses and for Gi > Γ,
the Wigner function of the retrieved photon remains rel-
atively the same as that of input signal photon state.
Thus the Wigner function provides a good measure of
the effectiveness of the protocol.
D. g2(0) function
As demonstrated above, a writing pulse causes the
swap of Gaussian states of the signal photon to the me-
chanical oscillator and readout pulse at a later time re-
sults in the retrieval of the stored Gaussian states. Such
states, namely coherent as well as squeezed states, can be
efficiently transferred to the retrieved photon when the
width of the writing and readout pulses is shorter than
mechanical decoherence time. Again, to characterize the
photon transfer through a levitated optomechanical sys-
tem, we obtain the zero-delay second-order autocorre-
lation (see Appendix C) of the retrieved photon during
readout pulse, g2(0) = 〈a†2rea2re〉
/
〈a†reare〉2. As shown
in Fig. 7(a), this function remains 1 [g2(0) → 1] as a
function of the free evolution time, if the incident signal
photon is in a coherent state. However, for nonclassical
g2(0)
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(a) (b)
FIG. 7. g2(0) function vs (a) |α|2 and tf and (b) r and tf .
In plot (a) r = 0, while in plot (b) α =
√
0.3 and rest of the
parameters are same as in Fig. 3.
squeezed states of the signal, the two-photon coincidence
probability for the retrieved photon becomes less than 1
[g2(0) < 1], as depicted in Fig. 7(b). Thus, our proto-
col based on cavityless levitated optomechanics provides
a versatile platform for the efficient transfer of single-
photon Gaussian states.
7E. Scattering matrix analysis
In the preceding analysis, we have described the trans-
fer of Gaussian states associated with the signal. Here,
we analyze the transmission of a single-photon signal
pulse through the levitated optomechanical system. Such
traveling pulses can be transmitted between channels of
quite different wavelengths [49]. In the itinerant state
transfer, an input state is centered around a single fre-
quency. As a result of this, the transfer of signal pulse
to the retrieved pulse can be viewed as a stationary scat-
tering process and thus a high-fidelity transfer can be
characterized by a set of requirements on scattering ma-
trix [11]. Now, to study itinerant state transfer, we con-
sider a quantum input asin(t) for the signal as and bin(t)
and arin(t) are the noise operators with zero average. For
constant effective couplings, the retrieved photon pulse
at the output can be written as (see Appendix D)
are(ω) = Tˆ31(ω)a
s
in(ω) + Tˆ32(ω)bin,T (ω) + Tˆ33(ω)a
r
in(ω)
+ Mˆ32(ω)bin,F (ω) , (9)
where Tˆ31(ω) characterizes the transmission of input
signal pulse asin(ω) to output retrieved pulse are(ω),
Tˆ32(ω) (Mˆ32(ω)) represents the transmission of ther-
mal (non-linear feedback) mechanical noise, and Tˆ33(ω)
gives the contribution of the optical noise associated with
readout pulse. For a high-fidelity transfer from asin(ω)
to are(ω) over the bandwidth of the signal pulse, the
transmission matrix coefficient Tˆ31(ω) → 1 as well as
Tˆ32(ω), Mˆ32(ω), Tˆ33(ω) → 0. This is shown in Fig. 8(a)
and it is clear that |Tˆ31(ω)| = 1, whereas other noise con-
tributions are suppressed at ω = 0 in the transmission.
The value of Tˆ31 at ω = 0 is Tˆ31(0) = 2
√
CwCr/(Cw +
Cr + 1), where Cw = 4G
2
w/ΓB (Cr = 4G2r/ΓBr) is the
cooperativity associated with write (readout) process. It
is to be noted Tˆ31(0) attains a maximum value at an
optimal transmission condition of impedance matching
(Cw = Cr) [8, 11], thereby providing efficient transfer of
a signal photon.
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FIG. 8. (a) Transmission matrix coefficients vs frequency un-
der impedance matching. (b) Pulse fidelity vs spectral width.
All other parameters are same as in Fig. 2.
Another important feature of the transmission matrix
element is the transmission half-width ∆ω defined as
|Tˆ31(∆ω)| = |Tˆ31(0)|/2. We find that, in the strong-
coupling regime Gi > Γ,B, the transmission half-width
is determined by 4G2i /B. But in the weak coupling limit
with Gi < Γ,B, the transmission half-width is limited by
the mechanical decay rate [9, 12]. This shows that for
strong optomechanical coupling the input components
|ω| ≪ ∆ω can be efficiently transmitted since such fre-
quency components of the signal photon remain immune
to the mechanical decoherence. To characterize this, we
define pulse fidelity [12] as
Fp =
| ∫ dω〈asin(ω)〉〈are(ω)〉∗|2∫
dω|〈asin(ω)〉|2
∫
dω|〈are(ω)〉∗|2 . (10)
Using Eq. (9), 〈are(ω)〉 = |Tˆ31(ω)|〈asin(ω)〉 for fre-
quency components and thus the pulse fidelity is de-
termined by the properties of Tˆ31(ω). For illustration,
we study the transmission of a Gaussian signal pulse
〈asin(ω)〉 = 1√πσω exp
(
−ω2
σ2ω
)
, where σω is the spectral
width. If we use this pulse profile in Eq. (10), then the
pulse fidelity attains a high value for a narrow-bandwidth
pulse, as shown in Fig. 8(b). Thus a quantum input
signal pulse with spectral width σω ≪ ∆ω can be trans-
mitted with high fidelity to the output without suffering
from mechanical decoherence throughout the transmis-
sion. This facilitates an efficient photon-phonon-photon
transfer in a levitated optomechanical system.
IV. CONCLUSION
We have studied the storage and retrieval of a sin-
gle photon at a quantum level using levitated cavityless
optomechanics. We have shown that, under experimen-
tal conditions, such a system is suitable for the efficient
transfer of single-photon quantum states. The effective-
ness of the protocol was characterized in terms of the
fidelity, the Wigner function, and the zero-delay second-
order autocorrelation function. These quantities were ex-
plored to demonstrate a robust conversion of Gaussian
states of the signal to the retrieved photon. We have
found that our protocol remains relatively immune to the
mechanical decoherence in the presence of strong writing
and readout pulses of duration smaller than mechanical
decay. Further, a high fidelity photon-phonon-photon
transfer was described in terms of the transmission of
traveling photon pulses between channels of quite dif-
ferent frequencies. Our results indicate that levitated
optomechanics may be useful for quantum networks.
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8Appendix A: CALCULATIONS FOR
OPTOMECHANICAL STORAGE AND
RETRIEVAL
To delineate a quantum memory for the storage and
retrieval of single photon, we use Eqs. (4) and 5) to
obtain following equations for the second-order moments
[52]:
d
dt
〈a†sas〉 = −2B〈a†sas〉+ iGi〈b†as〉 − iGi〈a†sb〉+ 4BIin ,
(A1)
d
dt
〈b†b〉 = −2Γ〈b†b〉 − iGi〈b†as〉+ iGi〈a†sb〉+ 2γ + 2F ,
(A2)
d
dt
〈b†as〉 = − [i∆+ B + Γ] 〈b†as〉+ iGi〈a†sas〉 − iGi〈b†b〉 ,
(A3)
d
dt
〈a†sb〉 = − [−i∆+ B + Γ] 〈a†sb〉 − iGi〈a†sas〉+ iGi〈b†b〉 .
(A4)
To derive the above equations we have used the fact
that as (t) , a
†
s (t) , b (t) , b
† (t) are not affected by noise
asin (t
′) , as
†
in (t
′) , bin (t′) , b
†
in (t
′) at different times [61].
Appendix B: CALCULATION OF COVARIANCE
MATRIX
In order to calculate the covariance matrix associated
with the retrieved photon optical quadratures, we write
the following equation from Eqs. (4 and 5):-
d
dt
v(t) = Cv(t) + n(t) , (B1)
where
v(t) =


X
Y
Q
P

 , n(t) =


Xin(t)
Yin(t)
Qin(t)
Pin(t)

 , C =


−B 0 0 Gi
0 −B −Gi 0
0 Gi −Γ 0
−Gi 0 0 −Γ

 .
(B2)
Here, the quadratures of the optical and mechanical
modes are given by X = a†s + as, Y = i
(
a†s − as
)
,
Xin =
√
2B
(
aˆs
†
in + aˆ
s
in
)
, Yin = i
√
2B
(
aˆs
†
in − aˆsin
)
and
Q = bˆ†+ bˆ, P = i
(
bˆ† − bˆ
)
, Qin =
√
2γ
(
bˆ†in,T + bˆin,T
)
+
√
2F
(
bˆ†in,F + bˆin,F
)
, Pin = i
√
2γ
(
bˆ†in,T − bˆin,T
)
+
i
√
2F
(
bˆ†in,F − bˆin,F
)
, respectively.
Now, the solution of Eq. (B1) can be written as
v(t) =M(t)v(0) +
∫ t
0
dsM(t− s)n(s) , (B3)
where M(t) = exp (Ct). Now, in the presence of writing
pulse of duration t1s, the above equation can be written
in the simplified form as
X(t1s) = ηw
[
cos (Gwt1s)X(0) + sin (Gwt1s)P (0)
]
+ ηw
∫ t1s
0
dseBs cos [Gw (t1s − s)]Xin(s)
+ ηw
∫ t1s
0
dseBs sin [Gw (t1s − s)]Pin(s) , (B4)
Y (t1s) = ηw
[
cos (Gwt1s) Y (0)− sin (Gwt1s)Q(0)
]
+ ηw
∫ t1s
0
dseBs cos [Gw (t1s − s)]Yin(s)
− ηw
∫ t1s
0
dseBs sin [Gw (t1s − s)]Qin(s) , (B5)
Q(t1s) = e
−Γt1s
[
sin (Gwt1s)Y (0) + cos (Gwt1s)Q(0)
]
+ e−Γt1s
∫ t1s
0
dseΓs sin [Gw (t1s − s)]Yin(s)
+ e−Γt1s
∫ t1s
0
dseΓs cos [Gw (t1s − s)]Qin(s) , (B6)
P (t1s) = −e−Γt1s
[
sin (Gwt1s)X(0) + e
−Γt1s cos (Gwt1s)P (0)
]
− e−Γt1s
∫ t1s
0
dseΓs sin [Gw (t1s − s)]Xin(s)
+ e−Γt1s
∫ t1s
0
dseΓs cos [Gw (t1s − s)]Pin(s) , (B7)
9where Gw is the effective optomechanical coupling due to
writing pulse, B = Bs + Bw is the total optical damping
due to write process including contributions from signal
and writing pulse and ηw = exp (−Bt1s). After the writ-
ing process, the mechanical system is allowed to evolve
freely for time tf . During this stage, the mechanical en-
vironment intervenes in the process. Finally, during a
readout pulse, the optical quadratures of the retrieved
photon read as
X(ts) = ηrηw
[
cos (Grt2s) cos (Gwt1s)X(0) + cos (Grt2s) sin (Gwt1s)P (0)
]
+ ηrηf
[
− sin (Grt2s) sin (Gwt1s)X(0) + sin (Grt2s) cos (Gwt1s)P (0)
]
+ ηrηw cos (Grt2s)
∫ t1s
0
ds
[
eBs cos [Gw (t1s − s)]Xin(s) + eBs sin [Gw (t1s − s)]Pin(s)
]
+ ηrηf sin (Grt2s)
∫ t1s
0
ds
[−eΓs sin [Gw (t1s − s)]Xin(s) + eΓs cos [Gw (t1s − s)]Pin(s)]
+ ηr
∫ t2s
0
ds
[
eBrs cos [Gr (t2s − s)]Xrin(s) + eBrs sin [Gr (t2s − s)]Pin(s)
]
, (B8)
Y (ts) = ηrηw
[
cos (Grt2s) cos (Gwt1s) Y (0)− cos (Grt2s) sin (Gwt1s)Q(0)
]
− ηrηf
[
sin (Grt2s) sin (Gwt1s)Y (0) + sin (Grt2s) cos (Gwt1s)Q(0)
]
+ ηrηw cos (Grt2s)
∫ t1s
0
ds
[
eBs cos [Gw (t1s − s)]Yin(s)− eBs sin [Gw (t1s − s)]Qin(s)
]
− ηrηf sin (Grt2s)
∫ t1s
0
ds
[
eΓs sin [Gw (t1s − s)]Yin(s) + eΓs cos [Gw (t1s − s)]Qin(s)
]
+ ηr
∫ t2s
0
ds
[
eBrs cos [Gw (t2s − s)]Y rin(s)− eBrs sin [Gw (t2s − s)]Qin(s)
]
, (B9)
where ηf = exp [−Γ (t1s + tf )], ηr = exp (−Brt2s), t2s is
the duration of the readout pulse, ts is the total transfer
time, Gr is the effective optomechanical during readout
pulse, and Br is the optical damping during readout pro-
cess. Now, the fidelity can be calculated by using the
following covariance matrix
V =
[
VXtsXts VXtsYts
VYtsXts VYtsYts
]
, (B10)
where the elements of the covariance matrix are defined
as Vξiξj =
1
2 〈ξiξj + ξjξi〉 − 〈ξi〉〈ξj〉 and these can fur-
ther be written by using Eqs. (B8) and B9). In or-
der to derive covariance matrix elements, we require
〈X(0)X(0)〉 = (α + α∗)2 + e−2r, and 〈P (0)P (0)〉 =
(2〈N〉+1). It turns out that VY (ts)Y (ts) can be expressed
in terms of VX(ts)X(ts) just by replacing r to −r ; also,
VX(ts)Y (ts) = VY (ts)X(ts) = 0.
Appendix C: CALCULATION OF ZERO-DELAY
SECOND-ORDER AUTOCORRELATION
FUNCTION (g2(0))
Let us again start from Eqs. (4) and 5). The solution
of these equations can be written as
f(t) = eMtf(0) +
∫ t
0
ds e[M(t−s)]fin(s) , (C1)
where
f(t) =
[
as
b
]
,M =
[ −B −iGw
−iGw −Γ
]
, fin =
[
asin
bin,T + bin,F
]
.
(C2)
Now in the photon-phonon-photon transfer, the states of
the signal are transferred to the mechanical mode by em-
ploying a writing pulse of duration t1s. Then the system
is evolved freely for time tf . Finally, the stored photon
is retrieved at a later time by using a readout pulse of
10
span t2s and can be written as
are(ts) = ηr cos(Grt2s)ar(0)
− ηrηf sin(Grt2s) sin(Gwt1s)as(0)
− iηrηf sin(Grt2s) cos(Gwt1s)b(0)
− iηrηf sin(Grt2s)
t1s∫
0
dseΓs cos [Gw(t1s − s)] bsin,T (s)
− iηrηf sin(Grt2s)
t1s∫
0
dseΓs cos [Gw(t1s − s)] bsin,F (s)
− ηrηf sin(Grt2s)
t1s∫
0
dseΓs sin [Gw(t1s − s)] asin(s)
+ ηr
t2s∫
0
dseBrs cos [Gr(t2s − s)] arin(s) , (C3)
where ηf and ηr are defined in Appendix B. Now, from
Eq. (C3), we can write 〈a†reare〉 and it can further be
simplified in the following by solving the integration
〈a†reare〉 = η2rη2f sin2 (Grt2s) sin2 (Gwt1s)
(|α|2 + sinh2(r))
+ η2rη
2
f sin
2 (Grt2s) cos
2 (Gwt1s) 〈N〉+ 2Brη22G33
+ 2η2rη
2
f sin
2 (Grt2s)
[
BG11 + (γ + F)G22
]
,
(C4)
where, we have used that for a squeezed coherent state
of the signal 〈a†s(0)as(0)〉 = |α|2 + sinh2(r), for thermal
state of the mechanical system 〈b†(0)b(0)〉 = 〈N〉 and for
the vacuum state of the readout 〈a†r(0)ar(0)〉 = 0. Also
G11,G22, in Eq. (C4) can be written as,
G11 = −G
2
wN1 + Γ2N2 +GwΓN3
R , (C5)
G22 = −G
2
wN1 + Γ2 (2N1 −N2)−GwΓN3
R , (C6)
where N1 =
(
1− e2Γt1s), N2 = 1 − cos (2Gwt1s), N3 =
sin (2Gwt1s) andR = 4Γ
(
G2w + Γ
2
)
. Further, G33 can be
written from G22 in Eq. (C6) just by replacing Γ, Gw, t1s
by Br, Gr, t2s, respectively.
Similarly, from Eq. (C3) we can write 〈a†2rea2re〉. This
factor can be simplified by using a moment-factoring the-
orem [62, 63] and is given by
〈a†2rea2re〉 = η4rη4f sin4(Grt2s) sin4(Gwt1s)U + 8B2rη4rG233
+ η4rη
4
f sin
4(Grt2s) cos
4(Gwt1s)〈N〉2
+ 8
(
γ2 + F2) η4rη4f sin4(Grt2s)G222
+ 8B2η4rη4f sin4(Grt2s)G211 , (C7)
where, U = sinh2(r) cosh2(r) − (α2 +
α∗
2
) sinh(r) cosh(r) + 2 sinh4(r) + 4|α|2 sinh2(r) + |α|4.
Finally, using Eqs. (C4) and C7), we can write g2(0).
Appendix D: CALCULATIONS OF SCATTERING
MATRIX
In this analysis, we describe how the traveling photon
pulses can be transmitted from input and output chan-
nels of distinctly different wavelengths. To do so, let us
consider a quantum input asin(t) for the signal as and
bin(t) and a
r
in(t) are the noise operators with zero aver-
age. Thus the quantum Langevin equations describing
the present system can be written as
du(t)
dt
= Au(t) +Kuin(t) + SFBin,F , (D1)
where
u(t) =

as(t)b(t)
ar(t)

 , A =

 A11 −iGw 0−iGw −Γ −iGr
0 −iGr A33

 ,
(D2)
uin(t) =

 a
s
in(t)
bin,T (t)
arin(t)

 ,K =


√
2B 0 0
0
√
2γ 0
0 0
√
2Br

 ,
(D3)
Bin,F(t) =

 0bin,F(t)
0

 ,SF =

0 0 00 √2F 0
0 0 0

 . (D4)
where detuning is defined by ∆i = ωs − ωi (i =, w, r),
A11 = −(i∆1 + B), and A33 = −(i∆2 + Br).
Now, taking Fourier Transform of Eq. (D1), we get
u(ω) =
(
iωI −A
)−1
Kuin(ω) +
(
iωI −A
)−1
SFBin,F .
(D5)
Further, using uout(ω) = Ku(ω)− uin(ω), we get
uout(ω) = Tˆ (ω)uin(ω) + Mˆ(ω)Bin,F (ω) , (D6)
where Tˆ (ω) = K
(
iωI − A
)−1
K − I and Mˆ(ω) =
K
(
iωI −A
)−1
SF . The retrieved pulse (arout(ω)) can be
written from Eq. (D1) and depends on transmission ma-
trix elements Tˆ31(ω), Tˆ32(ω), Tˆ33(ω), Mˆ32(ω) as is given
in Eq. (9). These transmission matrix elements can be
written as
Tˆ31(ω) = −
√
2B√2BrGwGr
I , (D7)
Tˆ33(ω) =
2Br
[
(iω + Γ) [i(ω +∆1) + B] +G2w
]
I − 1
(D8)
Tˆ32(ω) = − i
√
2Br
√
2γGr [i(ω +∆1) + B]
I (D9)
Mˆ32(ω) = − i
√
2Br
√
2FGr [i(ω +∆1) + B]
I (D10)
11
where I =
[
i(ω +∆1) + B
][
(iω + Γ) [i(ω +∆2) + Br] +
G2r
]
+G2w [i(ω +∆2) + Br].
To transmit an input signal pulse asin(ω) to the out-
put retrieved pulse are(ω), two conditions need to hold.
(1) The information from the input channel needs to
be efficiently transferred to the output channel. This
condition demands that |Tˆ31(ω)| → 1. (2) The noise
needs to be blocked from entering in this process. This
condition requires that |Tˆ32(ω)|, |Tˆ33(ω)|, |Mˆ32(ω)| → 0.
These conditions are obeyed at ∆i = −ωm as ω →
0. Further, |Tˆ31(ω)| → 1 as ω → 0 under opti-
mal transmission condition BrG2w = BG2r, i.e., when
impedance matching Cw = Cr is obeyed. Here, Cw =
4G2w
BΓ
(
Cr =
4G2r
BrΓ
)
is the cooperativity associated with
the write (readout) process. Moreover, under this condi-
tion |Tˆ32(ω)|, |Tˆ33(ω)|, |Mˆ32(ω)| → 0 as ω → 0.
Further, the pulse fidelity equivalent to Eq. (10) can
be defined as
Fp =
| ∫ dt〈asin(t)〉〈are(t)〉∗|2∫
dt|〈asin(t)〉|2
∫
dt|〈are(t)〉∗|2 , (D11)
where, the output retrieved pulse are(t) can be calcu-
lated by integrating over frequency components are(t) =∫
dω〈are(ω)〉eiωt.
[1] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt,
Cavity optomechanics, Rev. Mod. Phys. 86, 1391 (2014).
[2] P. Meystre, A short walk through quantum optomechan-
ics, Ann. Phys. (Berlin) 525, 215 (2012).
[3] C. Dong, Y. Wang, and H. Wang, Optomechanical inter-
faces for hybrid quantum networks, Nat. Phys. Rev. 2,
510 (2015).
[4] S. Felicetti, S. Fedortchenko, R. Rossi Jr., S. Ducci, I.
Favero, T. Coudreau, and P. Milman, Quantum commu-
nication between remote mechanical resonators, Phys.
Rev. A 95, 022322 (2017).
[5] V. Fiore, Y. Yang, M. C. Kuzyk, R. Barbour, L. Tian,
and H. Wang, Storing optical information as a mechani-
cal excitation in a silica optomechanical resonator, Phys.
Rev. Lett. 107, 133601 (2011).
[6] V. Fiore, C. Dong, M. C. Kuzyk, and H. Wang, Optome-
chanical light storage in a silica microresonator, Phys.
Rev. A 87, 023812 (2013).
[7] L. Tian,and H. Wang, Optical wavelength conversion of
quantum states with optomechanics, Phys. Rev. A 82,
053806 (2010).
[8] C. Dong, V. Fiore, M. C. Kuzyk, L. Tian, and H. Wang,
Optical wavelength conversion via optomechanical cou-
pling in a silica resonator, Ann. der Phys. 527, 100
(2015).
[9] L. Tian, Optoelectromechanical transducer: Reversible
conversion between microwave and optical photons, Ann.
Phys. (Berlin) 527, 1 (2015).
[10] K. Stannigel, P. Rabl, A.S. Sorensen, P. Zoller, and M.
D. Lukin, Optomechanical transducers for long-distance
quantum communication, Phys. Rev. Lett. 105, 220501
(2010).
[11] A. H. Safavi-Naeini, and O. Painter, Proposal for an op-
tomechanical traveling wave phononphoton translator,
New J. Phys. 13, 013017 (2011).
[12] L. Tian, Adiabatic state conversion and pulse transmis-
sion in optomechanical systems, Phys. Rev. Lett. 108,
153604 (2012).
[13] Y. D. Wang, and A. A. Clerk, Using interference for high
fidelity quantum state transfer in optomechanics, Phys.
Rev. Lett. 108, 153603 (2012).
[14] Y. D. Wang, and A. A. Clerk, Using dark modes for high-
fidelity optomechanical quantum state transfer, New. J.
Phys. 14, 105010 (2012).
[15] T. A. Palomaki, J. W. Harlow, J. D. Teufel, R. W. Sim-
monds, and K. W. Lehnert, Coherent state transfer be-
tween itinerant microwave fields and a mechanical oscil-
lator, Nat. Lett. 495, 210 (2013).
[16] C. Galland, N. Sangouard, N. Piro, N. Gisin, and T. J.
Kippenberg, Heralded single-phonon preparation, stor-
age, and readout in cavity optomechanics, Phys. Rev.
Lett. 112, 143602 (2014).
[17] R. Filip, and A. A. Rakhubovsky, Transfer of non-
Gaussian quantum states of mechanical oscillator of
light, Phys. Rev. A. 92, 053804 (2015).
[18] A. A. Rakhubovsky, and R. Filip, Photon-phonon-
photon transfer in optomechanics, Sci. Rep. 7, 46764
(2017).
[19] V. C. Vivoli, T. Barnea, C. Galland, and N. Sangouard,
Proposal for an optomechanical bell test, Phys. Rev.
Lett. 116, 070405 (2016).
[20] M. D. Anderson, S. T. Velez, K. Seibold, H. Flayac,
V. Savona, N. Sangouard, and C. Galland, Two-color
pump-probe measurement of photonic quantum correla-
tions mediated by a single phonon, Phys. Rev. Lett. 120,
233601 (2018).
[21] A. D. O’Connell, M. Hofheinz, M. Ansmann, R. C. Bial-
czak, M. Lenander, E. Lucero, M. Neeley, D. Sank, H.
Wang, M. Weides, J. Wenner, J. M. Martinis, and A. N.
Cleland, Quantum ground state and single-phonon con-
trol of a mechanical resonator, Nature 464, 697 (2010).
[22] J. Chan, T. P. M. Alegre, A. H. Safavi-Naeini, J. T.
Hill, A. Krause, S. Gro¨blacher, M. Aspelmeyer, and O.
Painter, Laser cooling of a nanomechanical oscillator into
its quantum ground state, Nature 478, 89 (2011).
[23] G. Anetsberger, E. Gavartin, O. Arcizet, Q. P. Unterrei-
thmeier, E. M. Weig, M. L. Gorodetsky, J. P. Kotthaus,
and T. J. Kippenberg, Measuring nanomechanical mo-
tion with an imprecision below the standard quantum
limit, Phys. Rev. A 82, 061804(R) (2010).
[24] S. Gro¨blacher, K. Hammerer, M. R. Vanner, and M. As-
pelmeyer, Observation of strong coupling between a mi-
cromechanical resonator and an optical cavity field, Na-
ture 460, 724 (2009).
[25] T. A. Palomaki, J. D. Teufel, R. W. Simmonds, and
K. W. Lehnert, Entangling mechanical motion with mi-
crowave fields, Science 342, 710 (2013).
[26] J.-M. Pirkkalainen, E. Damska¨gg, M. Brandt, F. Mas-
12
sel, and M.A. Sillanpa¨a¨, Squeezing of quantum noise of
motion in a micromechanical resonator, Phys. Rev. Lett.
115, 243601 (2015).
[27] G. S. Agarwal, and S. Huang, Electromagnetically in-
duced transparency in mechanical effects of light, Phys.
Rev. A 81, 041803 (2010).
[28] S. Weis, R. Rivie`re, S. Dele´glise, E. Gavartin, O. Arcizet,
A. Schliesser, and T. J. Kippenberg, Optomechanically
induced transparency, Science 330, 1520 (2010).
[29] X. Zhou, F. Hocke, A. Schliesser, A. Marx, H. Huebl, R.
Gross, and T. J. Kippenberg, Slowing, advancing and
switching of microwave signals using circuit nanoelec-
tromechanics, Nat. Phys. 9, 179 (2013).
[30] L. P. Neukirch, and A. N. Vamivakas, Nano-
optomechanics with optically levitated nanoparticles,
Contemp. Phys. 56, 48 (2015).
[31] D. E. Chang, C. A. Regal, S. B. Papp, D. J. Wilson, J.
Ye, O. Painter, H. J. Kimble, and P. Zoller, Cavity op-
tomechanics using optically levitated nanosphere, Proc.
Natl. Acad. Sci. U.S.A. 107, 1005 (2009).
[32] Z. Q. Yin, A. A. Geraci, and T. Li, Optomechanics of
levitated dielectric particles, Int. J. Mod. Phys. B 27,
1330018 (2013).
[33] O. Romero-Isart, L. Clemente, C. Navau, A. Sanchez,
and J. I. Cirac, Quantum magnetomechanics with lev-
itating superconducting microspheres, Phys. Rev. Lett.
109, 147205 (2012).
[34] M. Cirio, G. K. Brennen, and J. Twamley, Quan-
tum magnetomechanics: Ultrahigh-Q-levitated mechan-
ical oscillators, Phys. Rev. Lett. 109, 147206 (2012).
[35] T. Li, S. Kheifets, and M. G. Raizen, Millikelvin cool-
ing of an optically trapped microsphere in vacuum, Nat.
Phys. 7, 527 (2011).
[36] J. Gieseler, B. Deutsch, R. Quidant, and L. Novotny,
Subkelvin parametric feedback cooling of a laser-trapped
nanoparticle, Phys. Rev. Lett. 109, 103603 (2012).
[37] Y. Arita, M. Mazilu, and K. Dholakia, Laser-induced
rotation and cooling of a trapped microgyroscope in vac-
uum, Nat. Commun. 4, 2374 (2013).
[38] V. Jain, J. Gieseler, C. Moritz, C. Dellago, R. Quidant,
and L. Novotny, Direct measurement of photon recoil
from a levitated nanoparticle, Phys. Rev. Lett. 116,
243601 (2016).
[39] M. Frimmer, J. Gieseler, and L. Novotny, Cooling me-
chanical oscillators by coherent control, Phys. Rev. Lett.
117, 163601 (2016).
[40] B. Rodenburg, L. P. Neukirch, A. N. Vamivakas, and
M. Bhattacharya, Quantum model of cooling and force
sensing with an optically trapped nanoparticle, Optica
3, 318 (2016).
[41] D. C. Moore, A. D. Rider, and G. Gratta, Search for mil-
licharged particles using optically levitated microspheres,
Phys. Rev. Lett. 113, 251801 (2014).
[42] G. Ranjit, D. P. Atherton, J. H. Stutz, M. Cunningham,
and A. A. Geraci, Attonewton force detection using mi-
crospheres in a dual-beam optical trap in high vacuum,
Phys. Rev. A 91, 051805(R) (2015).
[43] M. Frimmer, K. Luszcz, S. Ferreiro, V. Jain, E. Hebe-
streit, and L. Novotny, Controlling the net charge on a
nanoparticle optically levitated in vacuum, Phys. Rev. A
95, 061801(R) (2017).
[44] P. Kumar, and M. Bhattacharya, Magnetometry via
spin-mechanical coupling in levitated optomechanics,
Opt. Exp. 25, 19568 (2017).
[45] E. Hebestreit, R. Reimann, M. Frimmer, and L.
Novotny, Measuring the internal temperature of a lev-
itated nanoparticle in high vacuum, Phys. Rev. A 97,
043803 (2018).
[46] F. Monteiro, S. Ghosh, E. C. van Assendelft, and D.
C. Moore, Optical rotation of levitated spheres in high
vacuum, Phys. Rev. A 97, 051802(R) (2018).
[47] O. Romero-Isart, M. L. Luan, R. Quidant, and J. I.
Cirac, Toward quantum superposition of living organ-
isms, New J. Phys. 12, 033015 (2010).
[48] O. Romero-Isart, A. C. Pflanzer, F. Blaser, R.
Kaltenbaek, N. Kiesel, M. Aspelmeyer, and J. I. Cirac,
Large quantum superpositions and interference of mas-
sive nanometer-sized objects, Phys. Rev. Lett. 107,
020405 (2011).
[49] P. Kumar, and M. Bhattacharya, Storage and retrieval of
optical information in levitated cavityless optomechan-
ics, Proc. SPIE, Quant, Info. Sci., Sens., and Compu. X
10660, 106600K (2018).
[50] L. P. Neukirch, E. Hartmaan, J. M. Rosenholm, and
A. N. Vamivakas, Multi-dimensional single-spin nanoop-
tomechanics with levitated nanodiamond, Nat. Phton. 9,
653 (2015).
[51] A. Isar, Quantum fidelity for Gaussian states describ-
ing the evolution of open systems, Eur. Phys. J. Special
Topics 160, 225 (2008).
[52] M. O. Scully and M. S. Zubairy, Quantum Optics (Cam-
bridge University, Cambridge, 1997).
[53] W. Ge, B. Rodenburg, and M. Bhattacharya, Feedback-
induced bistability of an optically levitated nanoparticle:
A Fokker-Planck treatment, Phys. Rev. A 94, 023808
(2016).
[54] A. C. Pflanzer, O. R. Isart, and J. I. Cirac, Master-
equation approach to optomechanics with arbitrary di-
electrics, Phys. Rev. A 86, 013802 (2012).
[55] H. -P. Breuer, and F. Pertuccione, The Theory of Open
Quantum Systems (Oxford University Press, 2002).
[56] D. F. Walls, Higher order effects in the master equation
for coupled systems, Z. Physik 234, 231 (1970).
[57] P. Schwendimann, Interference of coherent and incoher-
ent interactions in the master equation for open systems,
Z. Physik 251, 244 (1972).
[58] The linearized Hamiltonian in Eq. (3) can be derived
from Eq. (2) by using mean-field approximation in which
the intense control field can be treated classically and
the linearization of the optomechanical interaction is per-
formed with respect to the signal field i.e. we can write
a =
√
nie
−iωit + as (i = w, r). During readout process,
a same type of linearization can also be performed with
respect to readout pulse.
[59] During writing process the mechanical damping becomes
Γw = γg + γw + γs + γt + δΓ, where γj =
5Ajωx
ωj
(j =
t, w, s, r) is the rate associated with the radiation damp-
ing [38]. Here, Aj (j = w, s, r) is the heating rate of
the nanoparticle due to scattering of optical field and
is obtained after the linearization of the second con-
tribution in the optical scattering term written in Eq.
(1). Now, during readout process it takes the form of
Γr = γg + γr + γt + δΓ. However, the main contribu-
tion to mechanical damping comes from nonlinear feed-
back and gas damping. In this regard, we can write
Γw ≈ Γr ≈ γg + δΓ = Γ.
[60] K. Qu, and G. S. Agarwal, Optical memories and trans-
13
duction of fields in double cavity optomechanical sys-
tems, arXiv: 1210.4067 (2012).
[61] M. Orszag, Quantum Optics (Springer-Verlag, Berlin,
2008).
[62] M. Razavi, I. So¨llner, E. Bocquillon, C. Couteau, R.
Laflamme, and G. Weihs, Characterizing heralded single-
photon sources with imperfect measurement devices,
Journal of Physics B: At., Mol. and Opt. Phys. 42,
114013 (2009).
[63] J. H. Shapiro and K.-X. Sun, Semiclassical versus quan-
tum behavior in fourth-order interference, J. Opt. Soc.
Am. B 11, 1130 (1994).
